Microchannel bends of rectangular cross-section were fabricated on polymethylmethacrylate (PMMA) by hot embossing, with a range of channel widths from 55 μm to 400 μm. The capillary movement of the interface between air and dyed water through the microchannels was recorded and analysed. The microfluidic flow behaviour as a function of the channel aspect ratio was studied. The evaluated Reynolds number was always less than 1.0 in each channel of every device. The air-water interface velocity in the devices was proportional to the channel aspect ratio. The air-water interface velocity shows a prominent increase at 90
Introduction
In the recent past, microfabrication technologies have been extensively used to fabricate various microfluidic systems on glass, silicon, quartz and polymers.
In order to develop any lab-on-a-chip system it is important to fabricate microchannels and chambers on polymers [1] [2] [3] [4] [5] .
Hot embossing and maskless lithography are two useful techniques to fabricate microchannels and chambers on polymers, such as polydimethylsiloxane (PDMS) and polymethylmethacrylate (PMMA) [6] [7] [8] . PMMA has been used for the fabrication of microfluidic devices in bio-applications by surface modification [1, 2] . SU8 is also a useful photoresist for the fabrication of different MEMS devices and microstructures [3] [4] [5] . Leakage-free bonding between the microchannel and the channel lid is a challenge in the fabrication of microfluidic bioMEMS devices [9] [10] [11] .
Passive capillary flow [12] has been used in microfluidic devices for biochemical analysis. Passive microfluidic devices have advantages over active devices from the point of view of integration, fabrication, cost and control [13] . Passive capillary flow is produced by surface tension effects so the flow speed can be controlled by modification of the wetting properties of the interior surface of the microchannel [14] . In general, capillary flow in microfluidic channels significantly depends on the channel aspect ratio. Many researchers have carried out fluid flow behaviour studies in microchannels with respect to the channel aspect ratio [15, 16] . In general, the maximum centreline velocity decreases with decreasing channel aspect ratio. Also, the Reynolds number is lower for the lower channel aspect ratio [16] . Recent studies show that microchannel bends are very useful for blood cell separation applications because of the centrifugal force produced on particles accelerated by the microchannel bend [17] . Also, several separation techniques for microparticles have been proposed by many researchers [18] [19] [20] [21] [22] [23] [24] [25] . These methods may be applicable in lab-on-a-chip devices in other biological applications. For the practical application of any microfluidic devices it is essential to fabricate leakage/blockage-free In this study, we have fabricated microchannel bends in PMMA with different microchannel widths. The effects of channel aspect ratios and different separation angles on the microfluidic flow were studied in the microchannel bend microfluidic devices. The filtration of 10 μm polystyrene microparticles by capillary motion has been studied in both PMMA microchannel bend structures of the prototype design [17] and modified design (this work). A subsequent similar filtration study was then carried out on SU8 devices of the modified design.
Experiment
The prototype design of the microchannel bend is shown in figure 1 . The schematic of figure 1 mainly represents the entrance channel (channel 1) coming from the inlet reservoir, a channel designed for passing filtered fluid (channel 2) and another channel designed for collecting unfiltered fluid (channel 3). All the channels considered here are threedimensional geometrical structures. The substrate materials for the microchannel under consideration are PMMA and SU8. The microchannel bend angle (angle between channel 1 and channel 3) was 90
• for all the devices. In this work, the microchannel bend structure has been tested to study the separation of 10 μm polystyrene microparticles from a microparticle solution. In the following, we briefly discuss methods of fabrication of devices and fluidic measurements.
Fabrication of microchannel bends
An SU8 stamp on a silicon substrate was fabricated by maskless photolithography (for the production of a microchannel bend structure on PMMA) using standard SU8 processing methods [6] [7] [8] [26] [27] [28] [29] [30] . SU8 50 was, firstly, coated on a silicon substrate using a spin coater at 1000 RPM. After soft-bake, the SU8 was exposed for 25 s with a UV intensity of 311 μW cm −2 using maskless photolithography for patterning. After post-exposure bake, the sample was developed by EC solvent and the sample was hard baked for good adhesion [6] . The above fabrication method is also applicable for the fabrication of SU8 microchannel bends.
PMMA channels were fabricated by hot embossing using the stamp [6, 22, [30] [31] [32] . For the fabrication process, an embossing temperature and pressure of 125
• C and 10 kN, respectively, were used for an embossing time of 2 min. The PMMA channel depth was measured as 32 μm by a surface stylus profilometer. Finally, a direct bonding technique was used [6, 9] to produce PMMA devices. A bonding temperature and pressure of 90
• C and 10 kN, respectively, were used for a bonding time of 4 min.
Fluidic measurements
We recorded and measured the characteristics of dyed water flow through the PMMA devices by a CMOS camera capturing 25 frames per second, and the corresponding resolution is 0.04 s. The microfluidic flow was recorded by flowing dyed water through the devices [6, 7] , at a standard room temperature of ∼20-25
• C. The air-water interface velocities were measured directly from the recorded video clips of microfluidic flow [7] . The dyed water was prepared by mixing 5 mL of commercially available food dye into 50 mL of DI water. Static contact angles were measured by using dyed water in the sessile drop method, where the results were found to be equal to those of distilled water on the same material surfaces. A working liquid volume of 15 μL was dispensed at the inlet to maintain the same entrance effect in each microfluidic flow experiment. The meniscus movements were measured along the centreline of the microfluidic channels.
The shape of the meniscus in each microchannel was always vertical to the centreline of the microchannel. For the microparticles separation experiment, a test solution was prepared by mixing 10 μL of purchased solution (1.8 × 10 7 particles mL −1 ) with 3 mL of dyed water. The size of the microparticles was 10 μm. The test solution contains 6 × 10 4 particles mL −1 on average after sonication. The movements of the liquid front and moving microparticles behind the liquid front in different parts of the devices were captured by a video camera fitted to an optical microscope with a 10× objective lens.
Results and discussion
The effect of the microchannel aspect ratio on capillary flow was studied in the PMMA microchannel bends. In our previous studies, the liquid-air interface movement of the continuous dyed water flow through microchannels due to capillary action (surface tension at the interface between the liquid surface and the microchannel surface) was recorded and analysed [6] [7] [8] . The velocities of this air-water interface at different positions from the inlet (of different microfluidic devices) were calculated from the recorded video clips [6] [7] [8] . In this experimental investigation, we have calculated the liquid-air interface velocities in channels 2 and 3 just after the bend (figure 1). We have used the channel aspect ratio as the structural parameter and the Reynolds number as the flow parameter. The Reynolds number (Re) for fluidic flow was defined and formulated as the ratio of inertial force to viscous force [16] .
Microfluidic flow in PMMA microchannel bends
Microchannel bend microfluidic devices were fabricated by hot embossing [6] , having the following two structures: (i) all the channel (channels 1, 2 and 3) widths were the same for any particular device, with a width from 55 μm to 400 μm, (ii) all the channel (channels 1, 2 and 3) widths were different for any particular device and the widths of channel 1, channel 2 and channel 3 were 200 μm, 100 μm and 300 μm, respectively. The depth of all the channels in different PMMA devices was 32 μm as measured by a surface stylus profilometer. The separation angle between channels 2 and 3 was defined to be 45
• as shown in figure 1. In the PMMA devices, the channel width increased keeping the channel height fixed, so the channel aspect ratio decreased. The static water contact angle on the bottom surface of the PMMA channel was 79
• and that on the surface underneath the lid was 72
• . The dependence of the air-water interface velocity on the channel aspect ratio is shown in figure 2 for the PMMA devices of structure (i). In our experiments, the movement of the meniscus was slower through the channel of lower aspect ratio (figure 2), which was similar to that reported by Chen et al [15] . The higher friction constant in the channel of lower aspect ratio may be one reason for slower microfluidic flow [16] . If the fluid velocity is higher in channel 3 with respect to channel 2, then a greater number of micro particles are expected to pass through channel 3, so that the microparticle separation efficiency will be higher for the device [19] . The meniscus velocity was found to decrease in both channels 2 and 3 with increasing channel width for the PMMA devices of structure (i). We have also verified the dependence of microfluidic flow on the channel aspect ratio in the devices of structure (ii). Details of the flow characteristics are shown in table 1. The dependence of the microfluidic flow on the channel aspect ratio in the devices of structure (ii) was similar to that in the devices of structure (i). In figure 2 , the difference between the interface velocities in channel 3 and channel 2 increased with increasing channel aspect ratio, and the interface velocity was higher in channel 3 due to higher centrifugal force on the liquid [17] . So, for the PMMA devices of structure (i), the centrifugal force on the liquid was higher in the bend region of higher channel aspect ratios.
We have also studied the effect of separation angle on the microfluidic flow through microchannel bends for structure (ii) as shown in figure 3 . This effect was similar up to a separation angle of 70
• . At a separation angle of 90 • , the flow speed increased significantly in both of the channels 2 and 3, the interface velocity in channel 3 was higher than that in channel 2, and also the difference between the interface velocities in channel 3 and 2 was much higher than that at other separation angles. So the centrifugal force may be higher on the dyed water through the 90
• bend region. Considering the meniscus velocity in channel 3 just after bend, we can conclude that the centrifugal force applied on the liquid in the bend region was higher for the higher channel aspect ratio (lower channel width). Chen et al [15] found a similar effect of the centrifugal force on microfluidic flow by sharp microchannel turns. The level of bonding between the channel substrate and channel lid was tested after fabrication to avoid leakage during microfluidic flow [9] . Figure 4 shows a representative image of the microfluidic flow of dyed water in the PMMA device of 75 μm channel width of structure (i). Figure 4 confirms no leakage in the devices. In figure 4 , the interface velocity was higher through channel 3 than in channel 2 for the device of structure (i), due to the effect of centrifugal force on the liquid in the bend region. As shown in table 1, the interface velocity through channel 2 was higher than that in channel 3 for the device of structure (ii). So, in a single device of different aspect ratio channels, the effect of the aspect ratio was dominant over the effect of centrifugal force.
Separation of microparticles by structurally (design) modified microchannel bends
In the prototype microchannel bend structure (figure 1) for blood particle separation applications, the width of channel 2 was kept much lower than that of channel 3, so that the higher volume fraction passes through channel 3 [19] . In this study, the widths of channels 1, 2 and 3 were set at 200 μm, 100 μm and 400 μm, respectively, for determining the effect of the channel aspect ratio on microfluidic flow. We have carried out an experimental study on the separation of 10 μm polystyrene microparticles through the PMMA microchannel bend (figure 1) to achieve maximum separation efficiency. We have obtained up to 86% (approximately) separation efficiency by this structure. Other research groups also obtained up to 90% separation efficiency by using highly diluted blood [17] by pressure-driven flow. In order to decrease further the percentage of blood cells passing into the channel and on to the sensor, we modified the prototype microchannel bend structure according to the schematic of figure 5 . In brief, the device of figure 5 was designed by the addition of the following structural modifications to the simple microchannel bend (figure 1): (i) sudden expansion of channel width at the entrance of chamber 1 in channel 2, (ii) addition of micropillars in chamber 1, and (iii) side channel (channel 4) at the end of chamber 1. We maintained the same separation angle of 45
• in both of the designs of figures 1 and 5. The prototype design in figure 1 involved only the effect of centrifugal force on the microfluidic flow, at the bend region before the junction, to separate microparticles from the plasma, but our design has the addition of other components in channel 2 to achieve maximum combined separation and blocking efficiency. These significant effects are based on the channel aspect ratio and micropillars.
In the modified devices we achieved 100% combined separation and blocking efficiency of 10 μm polystyrene microparticles. In figure 6 , the optical images for PMMA device (figure 5) have been shown for microparticle separation. If no microparticle is found in the observation chamber when the meniscus reaches the outlet of channel 2, then the separation efficiency is considered to be 100%. The lower half of the observation chamber is shown in figure 6 (a), after achieving 100% efficiency in one specific test of the PMMA device shown in figure 5 , and the upper half of the same observation chamber, after the same test, is shown in figure 6 (b). The video image (captured by the CCD camera viewing through the optical microscope) of the 10 μm particle flow just after the bend, at the junction of channels 2 and 3 in the PMMA device, is shown in figure 6 (c). The blockage of 10 μm microparticles between the micropillars in chamber 1 is shown in figure 6(d) . The square-shaped observation chamber in figure 5 has a side length of 400 μm. After achieving a combined 100% separation and blocking efficiency of 100% in the PMMA devices, we also tested SU8 devices of similar design ( figure 5 ) and obtained the same overall efficiency. The SU8 devices were fabricated by maskless lithography and indirect bonding techniques [7] . The channel widths, pillar side length and inter-pillar distances were similar to those of the PMMA devices. In SU8 devices, both the channel heights and pillar heights were 60 μm.
In this section, we have explained the reason for obtaining a combined separation and blocking efficiency of 100% in modified devices and the possible applications of this. We used one sudden expansion of the channel width at the entrance of chamber 1 in channel 2. The meniscus movement was slower after the sudden expansion due to the following reasons: (i) the channel aspect ratio reduces just after the sudden expansion which reduces the flow speed, (ii) the area of material surface to be wetted is increased by the presence of micropillars and increased channel widths. These make significantly enhanced flow variation between channels 2 and 3, so a large amount of particles pass through channel 3 with a major amount of liquid. The micropillars also used to block the residual microparticles in channel 2. In the devices of both materials, the height of the micropillars is equal to the height of the microchannel so that there is no gap between the micropillars (chamber 1) and channel lid. As a result, there is no possibility of passage of microparticles above the micropillars. The blocked microparticles passed through channel 4 (see figure 5 ). Considering 100% separation/blocking efficiency in both SU8 and PMMA devices of different channel heights, we may conclude that the secondary separation chamber was the effective step for the improvement of separation efficiency. Our device has the following advantages: (i) surface-driven (i.e. passive) microfluidic flow was used for the total device operation; (ii) only a small amount of liquid (∼15 μL) is required for microparticle separation. The design parameters are set in such a way that the device can be used as a blood filter in future. RBCs (red blood cells) have an average diameter range from 7 to 9 μm, and WBCs (white blood cells) have an average diameter range from 6 to 20 μm [18, 21, 25] . For future application of this modified design in blood filtration, the channel widths and interpillar distances should be significantly higher than RBC or WBC size to avoid channel clogging [22, 23] . The channel width ( 100 μm), inter-pillar and pillar-channel wall distances (∼60 μm) for our microchannel bend could be useful in a lab-on-a-chip system.
Conclusion
Leakage-free PMMA microchannel bends were fabricated using a hot embossing technique. The channel aspect ratio and centrifugal force were two important factors in controlling laminar flow and microparticle separation in the microchannel bends. The flow velocity increased with increasing channel aspect ratio for the PMMA devices. At a separation angle of 90
• in PMMA microchannel bends, the meniscus velocity strikingly increased compared to the situation at lower separation angles. We modified the prototype microchannel bend structure and achieved 100% efficiency for the separation/blocking of 10 μm polystyrene microparticles for similar PMMA and SU8 devices. The modified structure can be applied in a point-of-care device, where RBCs and WBCs needed to be filtered from whole blood to avoid fouling the sensor.
